Southeast Asia harbors a unique and diverse freshwater fauna of Mesozoic origin, which is under severe threat of extinction because of rapid economic development and urbanization. The largest freshwater basins of the region are certainly the primary evolutionary hotspots and they attract the most attention as key biodiversity areas for conservation. In contrast, medium-sized rivers are considered lowimportance areas with secondary biodiversity, whose faunas originated via founder events from larger basins during the Pleistocene, although such a scenario has never been tested by using a phylogenetic approach. In this investigation, we used freshwater mussels (Unionidae) as a model to estimate the levels of endemism within the Sittaung, a little-known remote basin in Myanmar, compared with the surrounding larger rivers (Irrawaddy, Salween and Mekong). We discovered that the Sittaung represents an exceptional evolutionary hotspot with numerous endemic taxa of freshwater mussels. On the basis of our extensive dataset, we describe two new tribes, two genera, seven species and a subspecies of Unionidae. Our results highlight that medium-sized basins may represent separate evolutionary hotspots that harbor a number of endemic lineages. These basins should therefore be a focus of special conservation efforts alongside the largest Southeast Asian rivers.
In the modern period of the sixth mass extinction (Anthropocene), freshwater biodiversity is under severe threat because of increasing anthropogenic pressure, which leads to habitat degradation, water pollution, keystone species declines, and the homogenization of faunas [1] [2] [3] [4] [5] [6] . Climate change may increase the effects of human impacts, especially for taxa with low abundance and restricted ranges, and may trigger multiple local extinctions 7, 8 . Our understanding of spatial biodiversity patterns across freshwater basins is very limited because the systematics of many groups are not developed, including the important invertebrates such as bivalves and gastropods [9] [10] [11] [12] [13] . In Southeast Asia, the lack of reliable taxonomic information precludes producing the national maps of freshwater biodiversity hotspots, which is a task of great importance for conservation planning 9 .
Here, we use mussels in the family Unionidae, or naiads, as a model group for the assessment of spatial patterns of freshwater biodiversity across western Indo-China. This is the most species-rich bivalve family, with ~620-680 extant species [14] [15] [16] [17] . The Unionidae most likely originated in Southeast and East Asia in the Jurassic, with subsequent expansions into other landmasses 9 . In several major Asian river systems (e.g., Mekong and Yangtze), exceptional intra-basin radiations of the Unionidae were discovered, which suggests that these basins may be considered ancient (long-lived) rivers that have existed throughout the Cenozoic 9, 18 . However, the freshwater mussel faunas of Asia have attracted little attention from scientists compared with those from Europe and North America 10, 17 . Although the importance of freshwater mussels in tropical ecosystems is still poorly known, they could play an essential role as biofilters in polluted water bodies 19 . Several species are successful invaders, and have spread beyond their native ranges together with the introduction of their host fishes and may threaten native communities 20, 21 . Finally, freshwater mussels are important objects for the ornamental pet trade, pearl cultivation and food markets across Asian countries [22] [23] [24] . 78 ("n.s. " indicates that this MOTU was not supported). Solid red circles on the nodes indicate clades supported by both the sPTP (p < 0.001) and the mPTP models of Kapli et al. 79 Empty black circles on the nodes indicate clades supported by the sPTP model of Kapli et al. 79 (p < 0.001). Empty red circles on the nodes indicate clades supported by the mPTP of Kapli et al. 79 The non-Indo-Chinese clades were collapsed. The list of sequences is presented in Supplementary Table 1 Table 2 ). The map was created using ESRI ArcGIS 10 software (www.esri.com/arcgis); the topographic base of the map was created with ESRI Data and Maps. 9 . In contrast, the species diversity of Lamellidens in western Indo-China was largely overestimated, as we were able to find only four species there (Table 3) . Based on the DNA sequences and conchological features of the topotypes, Physunio ferrugineus syn. nov. and P. micropteroides syn. nov., two nominal taxa from Lake Inle, are synonyms of Lamellidens generosus, which is the only member of the genus in the Salween River basin (Supplementary Fig. 3 and Table 3 ). It is another example of incorrect placement of Lamellidentini taxa within the Contradentini because of the convergent similarity in the shell shape 25 . In the Irrawaddy, we recorded only Lamellidens savadiensis stat. res. (Table 3 ). This species was also found in the Sittaung, where it lives together with a species new to science, which is described here.
Distribution: South Asia and western Indo-China 9, 45 . Etymology: This species is named after Dr. Rolf Arthur Max Brandt (1917 Brandt ( -1989 , a famous German malacologist, who studied the mussels of Southeast Asia.
Lamellidens brandti

Diagnosis:
The new species is similar to L. savadiensis, but differs by a smaller shell, shallow anterior and posterior adductor scars, and fixed nucleotide substitutions ( (Table 3) .
Diagnosis: Shell slightly thickened, of trapezoidal or elliptical shape, umbo indistinct and situated near the anterior end. Pseudocardinal teeth well developed, triangular; laterals strait and thick. Anterior adductor scar round and rather deep.
Etymology: This genus is named after its type species, Unio exolescens, which was erroneously considered a member of another genus, Trapezoideus Simpson, 1900, due to the convergent similarity in the shell shape 25 . Distribution: Western Indo-China 9 .
Trapezidens obesa feae Kondakov, Konopleva Etymology: This subspecies is named after Leonardo Fea (1852 -1903 , an Italian naturalist. Diagnosis: The new subspecies differs by an almost straight dorsal margin without a wing, weakly developed adductor scars, a more oblong shell shape, and fixed nucleotide substitutions (Table 2) .
Description: Shell elliptic, slightly inflated, very inequilateral, rather strong. Posterior ridge narrow, roundly angular. SL 70.2-95.2 mm, SH 35.1-45.6 mm, SW 19.6-28.6 mm. Periostracum blackish-brown with light-brown or sandy border along the ventral margin; nacre whitish. Left valve with two parallel straight lateral teeth and two pseudocardinals, anterior tooth well developed, posterior tooth small, undeveloped. Right valve with a single blade-shaped straight lateral tooth and two distant pseudocardinals, the lower tooth better developed, with small scratches. Anterior adductor scar not developed, of oval shape; posterior scar shallow.
Distribution: Sittaung River Basin. Table 3 . List of the native Unionidae species from western Indo-China with new synonymies. *Nominal taxa whose DNA sequences are not available. All of the other taxa were studied by means of a molecular approach (see Table 2 and Supplementary . However, an expanded sampling reveals that they are relatively distant phylogenetic lineages based on the 28S rDNA gene despite their high similarity in the mtDNA. n/a -not available. The coordinates of the type localities of the new taxa described from the Sittaung are presented in Supplementary Etymology: This new species is dedicated to Dr. Arthur Bogan, a famous American malacologist, who developed the basic principles for the conservation of freshwater mussels worldwide.
The new species is similar to P. avae and P. manueli sp. nov., but differs by a straighter ventral margin, massive hinge plate, and fixed nucleotide substitutions ( (Fig. 2 ). An integrative revision of this large tribe should be undertaken in the future based on expanded sampling from the Mekong, as the phylogenetic relationships between these clades are still unresolved (Fig. 2) . 39, 40 . We consider this genus as a separate Contradentini clade, which includes taxa inhabiting the rivers of western Indo-China, although the molecular sequences of the type species are not available 25 . The genus contains at least six species, including two new taxa from the Sittaung (Table 3) . Among the other taxa that were assigned to the genus, Trapezoideus Etymology: This new species is dedicated to Dr. Hasko Friedrich Nesemann, an Austrian malacologist, who made great contributions to the knowledge of molluscs from the Ganga River system.
The new species is similar to T. subclathratus and T. panhai sp. nov., but differs in its very thin shell, shallow adductor scars, and fixed nucleotide substitutions ( Table 2) .
Description: Shell trapezoidal, thin, not inflated, anterior side rounded and narrow. Posterior ridge broad and sloped. SL 28.6-82. Etymology: This new species is dedicated to Prof. Dr. Somsak Panha, a famous Thai zoologist, who described numerous molluscan taxa from Southeast Asia.
The new species is similar to T. subclathratus and T. nesemanni sp. nov., but differs by a thicker shell, more developed hinge and umbones, and fixed nucleotide substitutions (Table 2) .
Description: Shell oval, elongated, with narrower anterior side and broader posterior end, rather thick, inequilateral. Ventral margin concave or straight. Posterior ridge broad. SL 31.7-47.2 mm, SH 18.2-26.1 mm, SW 10.9-17.9 mm. Shell sculpture rather strong. Periostracum brown to olive-brown; nacre whitish. Umbo somewhat prominent, beak sculpture not very strong, pronounced. Hinge plates with one lateral tooth and two pseudocardinals in the right valve, and two laterals and elongate lamellar cardinal in the left valve. Umbo cavity not very deep. Anterior adductor scar drop-like and deep; posterior scar somewhat oval-shaped and well-marked.
Distribution: Kyan Hone River.
Discussion
Taxonomic comments. The taxonomy of the Unionidae from western Indo-China is complicated 9, 10, 25 . Our study is the first attempt to establish an updated taxonomic scheme for the fauna of this region based on an integrative approach (Table 3 ). The results of this investigation indicate that the Irrawaddy represents the most species-rich basin (16 taxa, including 10 species sequenced), followed by the Sittaung (10 species, all sequenced), Salween (6 taxa, 2 species sequenced), and Tavoy (4 taxa, 3 species sequenced). The faunas of other basins are poorly known. Only five nominal taxa were described from the Pegu River, and none of them were sequenced. The small and medium sized basins of the western coast of Myanmar (Bay of Bengal and Andaman Sea) are almost unstudied.
There is a historical tradition to attribute numerous unionid species from western Indo-China to those described from Indian rivers, which began with the pioneering works [36] [37] [38] 46 followed by the subsequent revisions 39, 40, 43-45, 50, 51 . This view was accepted until recently 10, 24 , but none of the true Indian taxa are actually distributed in western Indo-China 9 . For example, the records of Lamellidens corrianus (Lea, 1834), L. jenkinsianus (Benson, 1862) , L. lamellatus (Lea, 1838), L. marginalis (Lamarck, 1819), Parreysia corrugata (Müller, 1774), P. favidens (Benson, 1862) , P. smaragdites (Benson, 1862) , Radiatula bonneaudii (Eydoux, 1838), R. caerulea (Lea, 1831), and R. pachysoma (Benson, 1862) Biogeography and conservation. Our modeling confirms that the primary Indo-Chinese Unionidae clades are of Mesozoic origin and that the most ancient intra-area radiations occurred within the putative paleo-Mekong basin. These results agree with the model of Bolotov et al. 9 , although the present study suggests that the two largest paleo-Mekong radiations may have had a pre-Cenozoic origin (mean age = 65-71 Ma). Based on our fossil-calibrated phylogeny, the fauna of the Sittaung is related to that of the Irrawaddy but represents a separate evolutionary entity harboring a number of endemic lineages. Our model suggests that the majority of the lineages were separated during the Miocene (mean age = 8.0-22.1 Ma), but the split between Pseudodon avae and the two sister taxa from the Sittaung appears to be more ancient (mean age = 35.3 Ma) ( Supplementary  Fig. 2 ). These results are consistent with the model indicating that the major rivers of Indo-China represent ancient evolutionary hotspots with almost 100% level of endemism in the Unionidae 9 . In contrast, our modeling contradicts the hypothesis of an Early Miocene paleo-drainage joining the Salween and Mekong 56, 57 because the Salween fauna relates to those of the Sittaung and Irrawaddy but not the Mekong. The most important biogeographic boundary between the unionid faunas in Indo-China is situated along the Mekong -Salween watershed. The Sittaung is an example of the medium-sized drainages, which are less resistant to human activities, e.g., dam construction, channelization and water pollution 58 . This unique basin should therefore be a focus of international conservation efforts alongside the largest Southeast Asian rivers.
Methods
Nomenclatural acts. The electronic edition of this article conforms to the requirements of the amended International Code of Zoological Nomenclature (ICZN), and hence the new names contained herein are available under that Code from the electronic edition of this article. This published work and the nomenclatural acts it contains have been registered in ZooBank (http://zoobank.org), the online registration system for the ICZN. The LSID for this publication is: urn:lsid:zoobank.org:pub:1CC25D33-7DF8-41D5-9817-5285C01A7779. The electronic edition of this paper was published in a journal with an ISSN, and has been archived and is available from PubMed Central.
Studies of the type series of the Oriental taxa. The type specimens were studied in the malacological collections of the National Museum of Natural History, Smithsonian Institution, Washington, DC, USA (NMNH), the British Museum of Natural History, London, UK (NHMUK), and the Museo Civico di Storia Naturale di Genova, Genoa, Italy (MSNG). Additionally, we accessed the images of the types of several nominal taxa at the MUSSELp Database 59 .
Taxon sampling and laboratory protocols. Our phylogeny of the Unionidae was based on 469 representatives of 138 in-group species from the Oriental Region (Indo-China and India), East Asia, Europe, Africa and North America (Supplementary Table 1 ). This sample includes all primary clades of the Unionidae, which were determined in the recent studies 9, 17 . The majority of these sequences were sampled from our work on the biogeography of the Oriental freshwater mussels 9 . New sequences were obtained from 74 specimens belonging to 15 species that were collected from the Sittaung and Irrawaddy river basins, and from a river of the Malay Peninsula (Supplementary Tables 1 and 2 ). All of our voucher specimens are deposited in RMBH, Russian Museum of Biodiversity Hotspots, the Federal Center for Integrated Arctic Research, Russian Academy of Sciences (Arkhangelsk, Russia). Total genomic DNA was extracted from 95% ethanol-preserved tissue samples using the NucleoSpin ® Tissue Kit (Macherey-Nagel GmbH & Co. KG, Germany), following the manufacturer's protocol. For molecular analyses we obtained partial sequences of two mtDNA markers, i.e., the cytochrome c oxidase subunit I gene (COI) and the 16S ribosomal RNA (16S rRNA), and a fragment of the nuclear 28S ribosomal DNA (28S rDNA). Primer sequences for PCR are shown in Supplementary Table 4 . Thermocycling was implemented with marker-specific PCR programs as follows: (i) COI: 95 °C (4 min), followed by 37 cycles at 94 °C (50 sec), 50 °C (50 sec), 72 °C (50 sec) and a final extension at 72 °C (5 min); (ii) 16S rRNA: 95 °C (4 min), followed by 33 cycles at 94 °C (50 sec), 47 °C (50 sec), 72 °C (50 sec) and a final extension at 72 °C (5 min); (iii) 28S rDNA: 95 °C (4 min), followed by 38 cycles at 94 °C (50 sec), 57 °C (50 sec), 72 °C (50 sec) and a final extension at 72 °C (5 min). Forward and reverse sequence reactions were performed directly on purified PCR products using the ABI PRISM ® BigDye ™ Terminator v. 3.1 reagents kit and run on an ABI PRISM ® 3730 DNA analyzer (Thermo Fisher Scientific Inc., Waltham, MA, USA). The resulting sequences were checked by eye using a sequence alignment editor (BioEdit v. 7.2.5) 60 . A total of 25 mussel species were used as an out-group, including representatives of Margaritiferidae (10 species), Iridinidae (2 species), Etheriidae (1 species), Mycetopodidae (1 species), Hyriidae (9 species) and Trigoniidae (2 species) (Supplementary Table 1 ).
Sequence alignment, checking the congruence of phylogenetic signals and substitution saturation analyses. The sequence alignment of COI, 16S rRNA and 28S rDNA gene fragments was performed separately using the Muscle algorithm implemented in MEGA6 61 . The aligned sequence data sets were checked through GBlocks v. 0.91b 62 which allow to exclude hypervariable fragments from the sequence alignments using options for less stringent selection, enabling gap positions, smaller final blocks and less strict flanking positions. The resulting lengths of the sequence alignments are listed in Supplementary Table 5 . To estimate each partition for evidence of substitution saturation, we performed the test of Xia et al. 63 using DAMBE v. 5.3.108 64 , which showed little saturation even under the assumption of an asymmetrical tree (P < 0.001). A partition homogeneity test was calculated in PAUP* v. 4.0a151 to confirm the congruence of phylogenetic signals among sequence data sets 65 . This test revealed that the signals among the data sets are consistent (Supplementary Table 6 ).
Phylogenetic analyses and divergence time estimates. The alignment data sets were joined in combined multi-gene nucleotide sequence alignments and collapsed into unique haplotypes (Supplementary Table 1) using an online FASTA sequence toolbox (FaBox 1.41) 66 . Absent sites were treated as missing data. For phylogenetic analyses, we used the resulting combined data set with unique haplotypes, including those that were possibly identical but differed by the availability of gene partitions for certain specimens.
In phylogenetic analyses, we tested only the dataset with five partitions (3 codons of COI + 16S rRNA + 28S rDNA), because Bolotov et al. 9 show that the combined phylogeny of the Indo-Chinese Unionidae corresponds to those obtained from separate partitions. The ML phylogenetic analysis was conducted using RAxML v. 8.2.6 HPC Black Box 67 at the San Diego Supercomputer Center through the CIPRES Science Gateway 68 . A unique GTR model was applied for each partition with corrections for gamma distribution. Nodal support values were estimated using an automatic, rapid bootstrapping algorithm according to the developer's recommendation 67 , and the majority rule consensus tree was constructed from the independent searches. Bayesian inference (BI) analyses were performed in MrBayes v. 3.2.6 69 at the San Diego Supercomputer Center through the CIPRES Science Gateway 68 . The data set tested was similar under the ML model. The best models of sequence evolution for each partition based on the corrected Akaike Information Criterion (AICc) of MEGA6 61 are presented in Supplementary Table 8 . Two runs, each with three heated (temperature = 0.1) and one cold Markov chain, were conducted for 15 million generations. Trees were sampled every 1000th generation. After completion of the MCMC analysis, the first 15% of trees were discarded as burn-in (pre-convergence part), and the majority rule consensus tree was calculated from the remaining trees. Convergence of the MCMC chains to a stationary distribution was checked visually based on the plotted posterior estimates using an MCMC trace analysis tool (Tracer v. 1.6) 70 . The effective sample size (ESS) value for each parameter sampled from the MCMC analysis was always recorded as >1300.
We estimated the acceptance of a global molecular clock to our multi-gene data set using the maximum likelihood test of MEGA6 61 , which revealed that the null hypothesis of equal evolutionary rate throughout the tree was rejected at a 5% significance level (p < 0.001). Thus, the time-calibrated haplotype-level Bayesian phylogeny was reconstructed in BEAST v. 1.8.4 based on multiple fossil calibration points using a lognormal relaxed clock algorithm with the Yule speciation process as the tree prior [71] [72] [73] . Calculations were performed at the San Diego Supercomputer Center through the CIPRES Science Gateway 68 . A fossil-calibrated ultrametric tree was obtained using BEAST v. 1.8.4. We specified similar settings to five partitions (3 codons of COI + 16S rRNA + 28S rDNA) as in the MrBayes analyses, but by using simplified evolutionary models. The HKY model was applied to each partition instead the GTR model, because the prior and posterior ESS values under the GTR model were recorded always <100. This indicates that the GTR model is likely overly complex for our data 9 . The eight published fossil calibrations were used for timing of the phylogeny 9 . We designated priors for out-group taxa using a "Monophyly" option of BEAUti v. 1.8.4 73 as follows: (Trigoniidae, (Unionida)). Four replicate BEAST searches were conducted, each with 50 million generations. The trees were sampled every 5,000th generation. The log files were checked visually with Tracer v. 1.6 for an assessment of the convergence of the MCMC chains and the effective sample size of parameters 70 . The first 10-52% of trees were discarded as an appropriate burn-in. All the ESS values were recorded as >250, with exception of two parameters with the ESS >120; the posterior distributions were similar to the prior distributions. The resulting tree files from four independent analyses were compiled with LogCombiner v. 1.8.4 73 . The maximum clade credibility tree was obtained from 31,404 primary trees using TreeAnnotator v. 1.8.4 73 .
Species delimitation analyses.
The preliminary delimitation of biological species was based on a molecular approach using the MOTU concept [74] [75] [76] [77] [78] . MOTUs were separated based on the bPTP model 78 to infer putative species boundaries on a phylogenetic input tree inferred from a maximum likelihood (ML) analysis. The ML analysis was conducted based on an alignment of the COI haplotype sequences of Parreysiinae and Pseudodontinae + Rectidentinae groups separately using RAxML v. 8.2.6 HPC Black Box 67 at the San Diego Supercomputer Center through the CIPRES Science Gateway 68 . A unique GTR model was applied for each partition (three codons of COI) with corrections for gamma distribution. Margaritifera laosensis and M. dahurica were used as an out-group for the each group. We used an implementation of the bPTP model thorough online bPTP server (http://species.h-its.org/ptp) with 500,000 Markov Chain Monte Carlo (MCMC) generations and 10% burn-in 78 . All out-group taxa were removed from the input tree using an appropriate option of the server. The output parameters of the bPTP model for each clade under the highest Bayesian solution were as follows: (i) Parreysiinae: an estimated number of species = 40-88, mean value = 61.1, acceptance rate = 0.46; and (ii) Pseudodontinae + Rectidentinae: an estimated number of species = 45-69, mean value = 53.5, acceptance rate = 0.31. Additionally, MOTUs were obtained using the sPTP (p < 0.001) and mPTP models of Kapli et al. 79 thorough online mPTP server (http://mptp.h-its.org). A phylogenetic input tree was obtained from ML analysis, which was conducted based on an alignment of the COI haplotype sequences of the Oriental Unionidae with the two haplotypes of Margaritifera laosensis and M. dahurica as an out-group using RAxML v. 8.2.6 HPC Black Box 67 . In order to diagnose each new species, we followed a two-step procedure of Delić et al. 80 . Firstly, we estimate the morphological differences between a new species and closely related (congeneric) taxa. The comparative analysis of the shell morphology was carried out with attention to the structure of the pseudo-cardinal and lateral teeth, muscle attachment scars, shell shape and umbo position 25 . Secondly, the molecular diagnosis of each new species was provided using the fixed nucleotide differences [80] [81] [82] , which were estimated for each gene separately using a Toggle conserved sites tool of MEGA6 at 50% level 61 . For each species, an alignment of congeneric haplotype sequences was performed using the ClustalW algorithm implemented in MEGA6 61 . All the deleterious mutations were retained for the analyses. Additionally, a COI mean p-distance to the nearest neighbor of each species was calculated in MEGA6 61 .
Data availability. The sequences generated under this study are available from GenBank. Accession numbers for each specimen are presented in Supplementary Table 1 . The type specimens of the new species and voucher specimens of the other taxa that we studied are available in the RMBH, Russian Museum of Biodiversity Hotspots, the Federal Center for Integrated Arctic Research, Russian Academy of Sciences (Arkhangelsk, Russia).
